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Abstract 
Precise forecasts of electrical and thermal load profiles are extremely necessary for the preplanning of home energy 
management systems. In order to synthesize user behavior and load profiles in high time resolution, User Interaction 
Model has been developed. By using time budget survey data and stochastic modeling, activity profiles of each 
inhabitant are created based on statistical input data. Mapping of activities to different categories of appliances allows 
USER to emulate realistic load curves for both single occupants and the entire residential building. This paper 
especially deals with modeling of energy demand for lighting and the resulting electrical load profiles. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction
As part of the e-MOBILie – energy autonomous electro mobility – project electro mobility will be combined with
local renewable generation of energy by means of photovoltaics and heat pumps in an integrated approach. Integrated 
energy management also includes forecasting technologies for weather and load profiles and allows for scalability 
from individual consumers to fleet applications. The project is one of about 50 projects within the “Schaufenster 
Elektromobilität Bayern-Sachsen” and is funded with about 4.5 million € by the federal ministry for the environment, 
nature conservation building and nuclear safety as part of the „Schaufensterinitiative“ of the German government. 
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3UHFLVH IRUHFDVWVRIHOHFWULFDORQVLWHSURGXFWLRQHJSKRWRYROWDLFVDQGHOHFWULFDO DQG WKHUPDO ORDGSURILOHVDUH
QHFHVVDU\IRUWKHSUHSODQQLQJRIKRPHHQHUJ\PDQDJHPHQWV\VWHPV2QWKHRQHKDQGH[WHUQDOZHDWKHUIRUHFDVWVRU
ZHDWKHU PRGHOV DUH XVHG IRU PDNLQJ SUHGLFWLRQV RI WKH HOHFWULFDO RQVLWH SURGXFWLRQ 2Q WKH RWKHU KDQG D 8VHU
,QWHUDFWLRQ0RGHO86(5KDVEHHQGHYHORSHGDWWKH,QVWLWXWHIRU(QHUJ\(FRQRP\DQG$SSOLFDWLRQ7HFKQRORJ\RI
7HFKQLVFKH8QLYHUVLWlW0QFKHQXVLQJ0$7/$%LQRUGHUWRJHQHUDWHDSSURSULDWHHOHFWULFDODQGWKHUPDOORDGSURILOHV
LQKLJKWLPHUHVROXWLRQ$QRYHUYLHZRYHURWKHUSXEOLVKHGPHWKRGRORJLHVIRUFUHDWLQJHOHFWULFDOSRZHUSURILOHVDUH
VKRZQLQ7DEOH7KHVHPRGHOVGLIIHULQWHUPVRIWKHLUUHTXLUHGLQSXWRURXWSXWGDWDDQGWKHPRGHOLQJWHFKQLTXHV
LWVHOI
Table 1. Overview of literature review [11]. 
2. Methodology
2.1. User Interaction Model (USER) 
7KLV PRGHO XVHV SUHSURFHVVHG WLPH EXGJHW VXUYH\ GDWD >@>@ DQG GHDOV ZLWK WKH OLYLQJ EHKDYLRU DQG WKH
LQWHUGHSHQGHQFLHVEHWZHHQRFFXSDQWV7KHFRQGLWLRQHGGDWDVHWFRQVLVWVRIYDULRXVSDUDPHWHUV)RUHDFKRFFXSDQWRI
WKHKRXVHKROGHDFKW\SHGD\ZRUNLQJGD\EULGJHGD\KROLGD\DQGHDFKDFWLYLW\6OHHSLQJ:DVKLQJ0RELOLW\«
WKHIROORZLQJVWDWLVWLFDOYDOXHVDUHUHTXLUHG
• SUREDELOLW\RIRFFXUUHQFHRIWKHDFWLYLW\
• PHDQYDOXHVRIVWDUWLQJWLPHDQGWLPHGXUDWLRQRIWKHDFWLYLW\
• VWDQGDUGGHYLDWLRQVRIVWDUWLQJWLPHDQGWLPHGXUDWLRQRIWKHDFWLYLW\
Fig. 1. Dataset and required parameters 
)RUERWKYDOXHVVWDUWLQJWLPHDQGWLPHGXUDWLRQD*DXVVLDQGLVWULEXWLRQKDVEHHQDVVXPHG3UREDELOLW\RIRFFXUUHQFH
VKRZVXQLIRUPGLVWULEXWHGFKDUDFWHULVWLFV
7KURXJKVWRFKDVWLFPRGHOLQJDQGVLQJOH UDQGRPL]HGHYHQWV WLPHEXGJHWVRIHDFK LQKDELWDQWRI WKHKRXVHKROGDUH
FUHDWHGEDVHGRQWKHVWDWLVWLFDOGDWDLQSXW
Authors Method Input Data Modelled end-uses Resolution
Bartels et al [6]
Conditional Demand 
Analysis
Total load curves, end uses data, socioeconomic data, 
appliance penetration rates, weather data
Specific electricity appliances, heating, 
cooling, domestic hot water 60 min
Yao and Steemers [7]
appliance switch on 
probabilities
End-user consumption statistics, equipment penetration 
statistics, occupancy scenario
Specific electricity appliances, heating, 
domestic hot water 1, 5, 15, 60 min
Paatero and Lund [8]
analysis, appliance switch 
on probabilities
Electricity load profiles, appliance penetration statistics, 
appliance standby & cycle consumption, turn on probabilities Specific electricity appliances 60 min
Richardson et al [9]
occupancy simulation, 
appliance switch on 
occupancy transition data, activity statistics, number of 
occupants, type of day, lighting data
Specific electricity appliances, heating, 
domestic hot water 1 min
Widén and Wäckelgård [10] 
activities, activity to power 
conversion schemes
time use data, appliance: technical data & penetration 
statistics, location Specific electricity appliances 1 - 60 min
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Fig. 2. USER model structure 
$IWHUWKDWDPDSSLQJRIDFWLYLWLHVWRGLIIHUHQWFDWHJRULHVRIDSSOLDQFHVDOORZV86(5WRHPXODWHKLJKO\UHDOLVWLFORDG
FXUYHV IRU ERWK VLQJOH KRXVHKROG RFFXSDQWV DQG WKH HQWLUH UHVLGHQWLDO EXLOGLQJ %H\RQG ORDG 86(5 DGGLWLRQDOO\
DOORFDWHVKRWZDWHUFRQVXPSWLRQDVZHOODVWKHGULYLQJGHPDQGSURILOHVRIDQHOHFWULFYHKLFOH
7KLV SDSHU HVSHFLDOO\ GHDOV ZLWK HOHFWULFDO GHPDQGPRGHOLQJ DQG KHQFH KRXVHKROG DSSOLDQFHV DUH GLYLGHG LQWR 
FDWHJRULHVSOXVRQHFDWHJRU\IRUWKHHOHFWULFYHKLFOH
• DXWRPDWLFGHYLFHV
PDLQO\LQGHSHQGHQWIURPXVHUDFWLYLWLHVOLNHIUHH]HUIULGJH«
• VHPLDXWRPDWLFGHYLFHV
GHPDQGVLGHPDQDJHPHQWGHYLFHVZKLFKFDQEHVKLIWHGE\HQHUJ\PDQDJHPHQWZLWKLQVSHFLILFERUGHUVOLNH
ZDVKLQJPDFKLQHGLVKZDVKHUGU\HU«
• PDQXDOGHYLFHV
XVHUDQGDFWLYLW\GHSHQGHQWGHYLFHVOLNH79PLFURZDYHRYHQ«
• HOHFWULFYHKLFOH
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2.2. Modeling  Lighting Demand Based On The USER Model 
2QWKHFRQWUDU\ WRDOORWKHUKRXVHKROGDSSOLFDWLRQV OLJKWLQJLVKDQGOHGGLIIHUHQWO\$VSDUWRI86(5PRGHOLQJRI
HQHUJ\GHPDQGIRUOLJKWLQJLQUHVLGHQWLDOEXLOGLQJVDQGWKHUHVXOWLQJHOHFWULFDOORDGSURILOHVKDVEHHQGHYHORSHGE\$
%UXFNPHLHU>@XVLQJWKHIROORZLQJLQSXWSDUDPHWHUV
Fig. 3. Schematic overview of the submodule lighting 
Three models are implemented, following different concepts of Widèn [3] and Richardson [4], and therefore receiving 
various results, whilst regarding diverse influencing variables. These influences are particularly natural light, the 
behavior of the residents, and the potential of lighting power, which are contributed to the models with appropriate 
data and data handling. Although the methodologies of Widèn and Richardson can be abstracted to a common overall 
structure, their modeling differs in various ways. Due to shortage of space in this paper, their modeling will not be 
elaborated in detail and can be taken from literature reference [2][3][4]. The main differences are listed below: 
• Richardson deals with a common light usage of all inhabitants while Widèn totally neglects this factor.
• Richardson represents the inventory and power potential of all bulbs in the most exact way whereas Widèn
avoids it by using constant power limits for different groups of bulbs.
• The model of Richardson has more degrees of freedom and is more flexible in modeling lighting load profiles. In
the model of Widèn, modification of lighting demand only appears during changes in irradiation data or a varying
number of current present inhabitants. At Richardson, lighting demand could change within activities due to the
fact that every inhabitant has full access to all bulbs of the household at all time.
In comparison to these two approaches, a simple model, implemented with easy methods, based on sunrise/sunset 
times and street lighting profiles as indicator is used as reference for a first rough estimation of light demand in a 
household. To determine whether natural light supplies a sufficient in-house illumination level, at each time step solar 
irradiation data has to be analyzed and the average in-house illumination has to be calculated. Based on the total 
potential of electrical lighting and specific illumination barriers of different rooms, the required lighting demand is 
estimated for each time step and each part of the building. Specific activity profiles of the inhabitants are neglected in 
this model. 
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3. Results and Discussion
Fig. 4. Share of monthly lighting demand of different models [1] 
On the balance sheet, all models have an almost equal lighting demand estimation over one year. As shown in 
Figure 4, the structurally monthly demand of Richardson and Widen models nearly have identical shares, while the 
simple reference model displays an overestimation in the first 6 months and an underestimation in the second half of 
the year. The difference results from discrepancies between real sunrise/sunset times and street lighting profiles, 
which have been used as time indicators. 
Fig. 5. Comparison of lighting demand profiles of different models exemplary in a) January and b) July [1] 
On the contrary, there are huge differences in minute based time resolution.  
As can be seen in both Figures 5.a and 5.b, the simple reference model looks like an interpolated lighting demand of 
several buildings including a typical overestimation in the morning. Especially in summer (Figure 5.b) a negative time 
shift occurs, which can also be explained with the usage of standardized street lighting profiles as indicators.  
On the one hand, the model of Widèn is in high accordance with Richardson, which soon becomes clear because both 
use nearly the same input database. On the other hand, the profile looks like an averaged output of the Richardson 
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model. This stepwise profile results from the strong dependence on activities; the demand only changes if the presence 
or activities of the occupants switch.  
The model of Richardson depicts the switching of lights as random events, whereat the probabilities of events are 
estimated by different external influences (irradiation, activities or presence of occupants…).  
4. Conclusion
In general, the simple reference models provides a good approximation of total lighting demand on the balance sheet 
without the requirement of many data inputs. The big disadvantage is the non-realistic and interpolated time resolution. 
The other two models of  Widèn [3] and Richardson [4] generate more specific load curves and lighting characteristics 
based on the different handlings of activity data of the residents. Consequently, having the highest need for and 
flexibility of input parameters, Richardson owns the opportunity to modify input data easily and therefore has the 
possibility to calculate the most realistic lighting demand profiles in high time resolution.  
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